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Monitoring programmes   and  studies  focused  on  secondary  sexual  characters 
(SSCs) depend on the accuracy of measurements.  However, methods  of measure- 
ments of SSC, such as horns of ungulates,  vary throughout the literature.  Thus, 
the accuracy of horn growth measurements  as proxies of true horn growth and the 
comparability of results inferred from different horn  growth  measurements  may 
be questionable. We used the horns of Iberian  ibex Capra pyrenaica to compare 
horn growth measurements  and to analyse reliability with true horn growth. Our 
results  reveal that  measurements  used in previous  studies differed substantially 
from  true  horn  growth  and  volume  estimated  as a barrel  appeared  as the best 
proxy of annular  segments of horns  in the Iberian  ibex. Horn  growth  measure- 
ments are not necessarily mutually comparable, just as classical measurements  are 
not necessarily representative  of true horn growth. We discuss the wider implica- 
tions  of these  results  and  suggest that  biological  processes  linked  to  horns  of 
ungulates  should  be  reappraised using  improved  and  accurate  measurements 
because  horn  growth  pattern is a  key  factor  in  sustainable  management and 






Secondary sexual characters  (SSCs) may have evolved due to 
the pressures of sexual selection and life-history trade-offs 
(Stearns,  1992; Emlen,  2008). Such  traits  are  more  or  less 
honest  signals of individual  quality  (Malo  et al., 2005; Lail- 
vaux, Reaney  & Backwell, 2009; Bergeron  et al., 2010) that 
often lead to uneven reproductive success and fitness between 
individuals within populations (Coltman  et al., 2002; Garant, 
Dodson  & Bernatchez,  2003; Preston  et al., 2003; Bartoš  & 
Bahbouh, 2006). As a result, SSCs are considered to be a key 
factors in the ecology of species and thus are of great interest 
to behavioural and evolutionary ecologists (Emlen, 2008; 
Cornwallis  & Uller, 2010). 
Furthermore, certain obvious SSCs may draw the attention 
of laypeople as some of these impressive traits may well be the 
main characteristic of an iconic animal species. For  example, 
the ornamented male of the Betta fighting fish Betta splendens 
is a very popular  species in the aquarium trade (Dennis & 
Aldhous,  2004), while the trophy  score of bovids is positively 
related  to  the  prices  paid  by recreational hunters  (Johnson 
et al., 2010). As a result, the SSCs of animal species are subject 




2011) and are therefore of great significance to managers  and 
conservationists alike. 
Monitoring  programmes   and   studies  focused  on  SSCs 
depend  on a basic question:  how can secondary  sexual traits 
be measured accurately? Just as the image perceived by the eye 
depends on the prism that is used, the accuracy of monitoring 
programmes  and studies focused on SSCs will be determined 
by the estimated parameters that are used. Several good exam- 
ples of this notion can be found in the literature.  While initial 
studies  on  colour  signalling  in birds  assumed  that  birds  see 
colour  patterns   as  humans  do  (Bennett,  Cuthill  & Norris, 
1994), nowadays  the wide potential  of signals that are unseen 
by  the  human  eye (e.g.  ultraviolet  signals)  are  highlighted 
and taken into account (Bennett et al., 1994, 1996). Likewise, 
today,  a more refined understanding of acoustic signalling is 
possible  because  ultrasonic   sounds  can  now  be  taken  into 
account  (Croll et al., 2002; Holy & Guo,  2005). 
In  ungulates,  much  attention has  been  paid  to  weapons 
such as horns  and  antlers,  which are usually well developed 
and even act as a differential trait in males (Emlen, 2008). 
However, methods of measurements  of horns and antlers vary 
throughout the literature.  The most widespread way of meas- 
uring these weapons is their length, probably  due to the influ- 
  




ence of hunter’s criteria when scoring their trophies. However, 
such weapons have complex tri-dimensional structures,  and so 
in cervids, several authors  have considered  the whole ramifi- 
cation of the antlers and have used other calculations (e.g. the 
number of antler tines, number of antler tops and weight) that 
take into account  such complexity (Bartoš & Bahbouh, 2006; 
Bartoš,  Bahbouh  & Vach, 2007). In Caprinae, horns  are not 
ramified,  but  their  tri-dimensional growth  has  encouraged 
a number  of authors  to consider  horn  growth  by estimating 
the  volume  of annular  segments  (Loehr  et al., 2007, 2010). 
However,  even the tri-dimensional estimates of horn  growth 
may be prone  to non-negligible inaccuracies  when compared 
with true volumes (Hoefs & Nowlan,  1997) and, thus, the 
accuracy of both horn growth measurement as a proxy of true 
horn  growth  and  the comparability of results  inferred  from 
different horn  growth measurements  may be questionable. 
Nowadays, most  knowledge  of  horn  size in  Caprinae   is 
based  on  estimates  of  length  rather  than  of  volume.  Mis- 
matches can even be found in the biological interpretations 
derived from studies employing different types of measure- 
ments. For example, trade-offs between horn growth rates and 
longevity have been suggested in Dall sheep Ovis dalli on the 
basis of volume  estimates  of horn  annular  segments  (Loehr 
et al., 2007); yet, on the basis of horn  length measurements, 
horn length was found not to constrain longevity in the Alpine 
ibex Capra ibex (Bergeron et al., 2008). To date, it is hazard- 
ous to attribute such mismatches to either biological or meth- 
odological  factors.  Only a few conference  proceedings  have 
ever presented preliminary results on the comparability of 
measurements  of horn growth (König & Hoefs, 1984), and to 
date, this question  is a much under-considered subject. 
Here, we used the horns of Iberian ibex Capra pyrenaica 
(Sarasa, Alasaad & Pérez, 2012) to compare horn growth 
measurements  and to test the following predictions.  If typical 
measurements (estimated length and volume) are a true rep- 
resentation of horn  growth,  very good  and  comparable cor- 
relations  are to be expected between common  measurements 
and the true volume and weight of annular  segments (predic- 
tion 1). If common  measurements  are comparable proxies of 
true  horn  growth,  very  strong  correlations   are  also  to  be 
expected between classical measurements  themselves (predic- 
tion  2) and  comparable standardized variances  (SVs) are to 
be expected between measurements  (prediction  3). Further- 
more,  if  all  measurements   are  good  proxies  of  true  horn 
growth,  the  biological  results  inferred  from  different  horn 
growth measurements  – such as the age-dependent  pattern of 
horn growth in our sample – will converge. More specifically, 
the age at which horn  growth  starts  to slow down should  be 
the same for all the different horn growth measurements 
(prediction  4). 
 
Material and  methods 
 
Study site  and  population 
 
We studied the Iberian  ibex population in the Sierra Nevada 
mountain range  (36°00’–37°10’ N,  2°34’–3°40’ W, Spain),  a 
reference  population in Iberian  ibex ecology  (Sarasa  et al., 
2010a,b, 2011a,b; Pérez et al., 2011). Our analysis was based 
on 260 annular  segments from 36 male Iberian  ibexes, culled 
by the Natural Space staff for management purposes (Espacio 
Natural de Sierra  Nevada).  The  age of animals  was deter- 
mined by counting  horn  increments (Fandos, 1991). 
 
 
Laboratory procedure and  measurements 
 
We  considered   several  measurements   taken   from   frozen 
skulls. Annular  segment length was measured  to the nearest 
0.5 mm with a digital calliper along the internal  crest of the 
horn, which is easily visible along the whole length of the horn. 
Also,  the  apical  circumference,  mid-annulus   circumference 
and basal circumference of each growth  segment were meas- 
ured  to  the  nearest  millimetre  with a flexible tape  measure. 
Subsequently,  horns  [the complete  structure  including  from 
the bone to the keratinized  epidermis (Davis, Brakora  & Lee, 
2011)] were cut into sections with a hacksaw at the horn-ring 
growth stop formed during each winter of the ibex’s life. Esti- 
mation   of  the  ‘true  volume’  of  each  annular   section  was 
carried  out  using the water  displacement  method  (König  & 
Hoefs, 1984) to the nearest 5 mL with beakers. Each annular 
section was weighed to the nearest 0.01 g. 
Parameters were measured twice to calculate the repeatabil- 
ity (r) of multiple measurements of the same annulus. All 
measures  were performed  by the first author to avoid  inter- 
observer variability. 
Few authors have estimated the volume of each annular 
section using the conical frustum formula (Loehr et al., 2007, 
2010). Thus,  the volume as a conical frustum  was estimated 
for our annular  sections. We also observed that numerous 
annular  segments were shaped  like a barrel.  Using the mean 
between  apical  and  basal  circumference,  the  volume  as  a 






The first annular  segment that  grows from  birth  to the first 
winter in the ibex’s life, which is usually disregarded  because it 
is subjected  to  breaks  (Bergeron  et al.,  2008; Loehr  et al., 
2010), was excluded from our analysis. Incompletely grown 
annuli were also excluded from analysis. The repeatability  (r) 
of  measurements   and  of  volume  estimates  were  calculated 
from the variance components  derived from one-way analysis 
of variance (Lessells & Boag, 1987). Measurement error  as a 
proportion of the total within-annulus variance was also esti- 
mated (MSw/MSa ¥ 100). In subsequent  analyses, the mean of 
duplicate   measures   was  considered.   To  identify   the  best 
proxies of horn growth in Iberian  ibex, we first estimated  the 
SV of measurements  as the ratio  of variance  in a considered 
trait to the square of the mean of the considered  trait,  which 
represents an upper limit to the strength  of directional  sexual 
selection  (Wade  & Arnold,  1980). Then,  to  standardize the 
scales of measurement, entries were transformed into  stand- 
ardized variables by the relationship: 
 
zx  = (vx  − mx ) σ x 
  
   
 
   
  
  
Volume estimated with water displacement 661.23 0.1 0.99 0.31 




where zx  is the standardized value, vx is the original value, and 
mx  and ox  is the mean and standard deviation of the variable, 
respectively. Using Spearman’s correlations, we examined the 
relationship  between annular  length, annular  basal circumfer- 
ence, estimated volumes of annular  segments (calculated with 
the conical- and barrel-derived formulas), the true volume of 
annular  segments and the true weight of annular  segments. 
Then, to compare the biological results inferred from each 
measurement method,  we used generalized additive models 
(Wood,   2006)  that   allow   non-linear   relationships  to   be 
fitted between independent  and dependent  variables. Annular 
length, annular basal circumference, estimated volumes of 
annular  segments (calculated with the conical frustra  formula 
and with Kepler’s barrel formula), the true volume of annular 
segments and the weight of annular segments were modelled as 
a function of age. The reference of each ibex was included as a 
random term. For each measurement, fitted values were used to 
estimate  the  age  at  which  the  horn  growth  rate  started  to 
decrease in our sample. 
All analyses were performed using the R statistical software 





The within-annulus repeatability  of measurements  was high 
(Table 1). Annular  weight and volume estimated with water 
displacement  exhibited  the  greatest  repeatability  (r = 1 and 
0.99, respectively), followed by basal circumference (r = 0.91) 
and  volume estimated  as conical frustra  (r = 0.90). Annular 
length and volume estimated as a barrel also had high repeat- 
ability (r = 0.79 and 0.73, respectively), although  these values 
were lower than  for the afore-mentioned measurements. 
In terms of SV (Table 1), volumes estimated as a barrel and 
with water displacement and annular weight had the highest 
values (SV = 0.34, 0.31 and 0.32, respectively). The SV of the 
volume estimated  as conical frustra  was almost  half as high. 
The SV of other measurements  (annuli length and circumfer- 
ences) was four to five times lower than  the SV of true horn 
growth. 
Measurements of true horn growth (annulus  volume meas- 
ured with water displacement and annulus weight) exhibited a 
correlation that  was very close to 1; nevertheless,  proxies of 
horn  growth  (estimates of annulus  length, circumference and 
volume) correlated differently with measurements of true horn 
growth   (Table 2).  Kepler’s  barrel   formula   for  estimating 
annular  volumes  exhibited  the highest  correlation with true 
horn   growth,   followed  by  the  estimate  as  conical  frustra 
(Table 2). Length  and  basal  circumference  of  annular   seg- 
ments exhibited the lower correlation with true horn  growth 
(Table 2). 
General additive models of measurements  showed different 
patterns  according to the measurement used (Fig. 1). Annular 
length suggests increasing  horn  growth  from 2 to 5 years of 
age and  a  decreasing  trend  thereafter  (Fig. 1a).  Volume  as 
conical frustra  also suggests a bell-shaped pattern with a 
maximum  value at 6-years old (Fig. 1c). Basal circumference 
exhibited   an  increasing   trend   from  2  to  9  years  of  age 
(Fig. 1b). Annular  volume estimated as a barrel and measure- 
ments of true  horn  growth  showed  an increasing  trend  that 
might   reach   an   asymptote   after   7-years   old   (Fig. 1d–f). 
 
 











Standardized  variance (SV) 
Length 8.76 11.4 0.79 0.06 
Apical circumference 8.52 11.7 0.79 0.08 
Mid-annuli circumference 8.92 11.2 0.80 0.05 
Basal circumference 21.52 4.6 0.91 0.04 
5.3 0.90 0.16 
15.9 0.73 0.34 
Volume estimated as conical frustra 18.84 





Table 2 Correlation between measurements of annuli  
 BC Vc Vb V Weight (W) 
Length (L) rs = 0.51 rs = 0.85 rs = 0.73 rs = 0.74 rs = 0.73 
 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 
Basal circumference  (BC)  rs = 0.87 rs = 0.95 rs = 0.88 rs = 0.89 
  P < 0.001 P < 0.001 P < 0.001 P < 0.001 
Volume estimated as conical frustra (Vc)   rs = 0.98 rs = 0.95 rs = 0.95 
   P < 0.001 P < 0.001 P < 0.001 
Volume estimated  as barrel, Kepler (Vb)    rs = 0.96 rs = 0.96 
    P < 0.001 P < 0.001 
Volume estimated with water displacement (true volume, V)     rs = 0.99 
     P < 0.001 
  










































Figure 1 Relationship between  annular horn 
growth and age according to different meas- 
urements: (a) annular length; (b) annular basal 
circumference; (c) volume as conical frustra; 
(d) volume as barrel (Kepler); (e) volume by 
water  displacement; and (f) annular weight. 
All measurements were centred-reduced. R- 




Almost  half of the observed  variability  in true  horn  growth 
was  explained  in  models  as  a  function   of  age  (Fig. 1e,f). 
Models  of  estimated   volume  (as  a  barrel   and  as  conical 
frustra)  as a function of age exhibited fits that were compara- 
ble to those of true horn  growth  (Fig. 1c,d). Age explained a 
greater proportion of variability in the basal circumference of 
annular   sections  than  in  true  horn  growth  (Fig. 1b).  The 
model of the length of annular  segments as a function  of age 
exhibited the worst fit, which was five to six times lower than 




To our knowledge,  our results are the first detailed compari- 
son  of  horn  growth  measurements   that  take  into  account 
several different criteria for indentifying the best proxy of true 
horn growth in Caprinae. It is important to note that all of the 
measurements used in previous studies and included in our 
analysis differed substantially from true  horn  growth.  Thus, 
previous studies on horn growth should be considered with 
caution.  Hunting-score indexes rank  trophies  on the basis of 
the global  biometry  of the horns  – for instance,  using total 
length,  basal  circumferences  and  maximal  spacing  between 
horns (Luzon et al., 2008; Hedrick,  2011) – but do not neces- 
sarily take into account  the age of the animal; this fact prob- 
ably blurs the biological significance of such data. Hunting- 
score indexes were not  available  in our  dataset  (which was 
based on annular  segments) and other authors  also have pre- 
viously mentioned  that  these indexes do not  properly  reflect 
real  horn  size (König  & Hoefs,  1984). Thus,  hunting-score 
  




indexes should also be subjected to rigorous comparisons with 
true  horn  growth  prior  to  validating  any  biological  inter- 
pretation derived from  such data.  Horns  are rarely  cut into 
sections, maybe because of their economic value as trophies 
(Johnson  et al., 2010). Consequently, our study highlights the 
benefits to research and to biological study that can be derived 
from collaboration with public institutions such as protected 
natural spaces and reserves that are interested in ungulate 
conservation  and   are  not   subject  to  commercial   trophy- 
hunting  pressure. 
The main objective of our analysis was to confirm or discard 
potential differences between measurements. Our results 
underline the fact that estimates from different methods  have 
weak differences in repeatability  and display substantial dif- 
ferences in variance, in correlation with true horn growth and, 
above all, in biological meaning. In our sample, the volume 
estimated as a barrel (Vb) had comparable SV and the highest 
correlation with  true  horn  growth  (volume  estimated  with 
water  displacement   and  annular   weight).  Also,  biological 
results inferred from Vb  – such as the age-dependent  pattern of 
horn growth in our sample – converged with the results derived 
from true horn growth. Thus, volume estimated as a barrel 
appeared  as the best proxy of true horn growth in the Iberian 
ibex. The repeatability  of Vb   was slightly lower than  that  of 
the other measurements, although further methodological 
improvements,  such as an increase in the replicates of meas- 
urements,  might improve this parameter. 
The comparison between true horn growth and other meas- 
urements highlight interesting discrepancies. Correlations of 
annular  length with volume estimated  by water displacement 
and  with  annular   weight  were  the  poorest.  Moreover,   the 
age-dependent  pattern of annular  length  disagrees  with  the 
age-dependent  pattern of true horn growth. This result under- 
lines the fact that the relationship  between annular  length and 
true horn growth changes with age. Consequently, when ana- 
lysing biological processes in horn growth linked to age – for 
example,  trade-offs  and  senescence (von  Hardenberg et al., 
2004; Bergeron et al., 2008) – the accuracy of annular  length is 
strongly questionable, as our example clearly illustrates. 
Although  annular  length suggests that horn growth increases 
until 5-years old, the volume estimated by water displacement 
and annular  weight shows that horn growth increased until at 
least 7-years old in our sample. This result questions  alloca- 
tion patterns in horn growth previously reported in ibexes 
(Alvarez,  1990; Fandos, 1995; von Hardenberg et al., 2004) 
and partially  agrees with studies that  suggest that  senescence 
in ibexes only becomes evident in animals over 8-years old 
(Couturier, 1962; Schaller,  1977; Toïgo  et al., 2007). Thus, 
greater   knowledge   of  senescence  and   allocation   in  horn 
growth in ibexes is still required. 
It is also important to note that the basal circumference of 
annuli  had  a better  correlation with true  horn  growth  than 
annular length. This result illustrates that the relationship 
between annular  circumference and true horn growth becomes 
steadier with age than the relationship  between annular  length 
and true horn growth. Yet, the horns of ibexes are considered 
as ‘long’ weapons (Couturier, 1962) and the importance 
attached  to  their  thickness  is less than  in the horns  of wild 
sheep (Schaller, 1977). Consequently, further  studies are still 
required   to   check  whether   the   biological   interpretations 
inferred from annular  length in wild sheep converge with the 
biological results that could be inferred from accurate proxies 
of true horn  growth. 
The case of volume estimated  as conical frustra  (Vc) is also 
very interesting.  Although  Vc  exhibited high values of repeat- 
ability and of correlation with true horn growth, the age- 
dependent  pattern of  Vc   differed  from  those  of  true  horn 
growth.  Vc   suggests  that  horn  growth  would  increase  until 
6-years  old  and  decrease  thereafter;  yet,  true  horn  growth 
showed that  horn  growth  increased until at least 7-years old 
in the ibex from our sample. Also, the SV of Vc  was almost 
half as high as that of true horn growth in our sample. Thus, 
although  measurements  might  correlate  well with true  horn 
growth,  this  does  not  necessarily  mean  that  they  are  good 
proxies for inferring biological processes linked to horns. 
Mismatches between volumes estimated from conical-derived 
formulas  and  true  horn  volume  in Dall  sheep O. dalli [also 
called thinhorn sheep (Sarasa  et al., 2012)] have  been men- 
tioned  previously  by other  authors  (Heimer  & Smith, 1975). 
Nevertheless, these mismatches might have been under- 
considered in recent studies using this type of measurement 
(Loehr  et al., 2007, 2010). Our results also highlight  the fact 
that length and Vc  may give different biological results, as 
occurred  in the  results  derived  from  these measurements  in 
O. dalli (Loehr  et al.,  2010).  Consequently, it  is surprising 
that both measurements should produce similar results (men- 
tioned  but  not  fully presented)  in another  study  of O. dalli 
(Loehr  et al., 2007). 
Opportunity  for   sexual   or   artificial   selection   requires 
animal trait variance (Wade & Arnold, 1980; Arnold & Wade, 
1984). Intense debates refer to ‘natural’ or ‘artifical’ selection 
of horn  growth  (Coltman  et al., 2003; Festa-Bianchet & Lee, 
2009; Loehr  et al.,  2010; Hedrick,   2011),  although   in  our 
analysis pre-existing measurements  of horn  growth  exhibited 
four  to five times lower SV than  true  horn  growth.  Volume 
estimated  as a barrel showed a SV comparable to that of true 
horn growth in our sample. Consequently, studies focusing on 
the selective pressures of horns could be greatly improved  by 
considering  alternative  and appropriate proxies of true horn 
growth. 
Horn growth measurements are not necessarily mutually 
comparable, just as measurements  are not  necessarily repre- 
sentative  of  true  horn  growth.  Thus,  results  derived  from 
pre-existing studies should be considered with caution as con- 
flicting results  in previous  studies may have been caused,  at 
least partially,  by methodological differences. Further studies 
should   reconsider   the  accuracy   of  methodologies   in  the 
analysis of tri-dimensional secondary sexual traits and bio- 
logical  processes  linked  to  horns  of  ungulates,  and  maybe 
also to tri-dimensional weapons of other vertebrates  and 
arthropods  (Emlen,   2008),  should   be  reappraised. Horn 
growth  pattern is a  key  factor  in  sustainable  management 
and conservation plans of ungulate  species around the world 
(Coltman   et al.,  2003; Loehr  et al.,  2007; Mysterud,   2011) 
and,  thus,  our  study  would  have  numerous  implications  in 
animal  conservation. 
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